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A B S T R A C T   

Flow-like landslides triggered by rainfall are a major concern in the peri-Vesuvian region of southern Italy. On 
December 19th, 2019, a landslide occurred along the Crocelle slope (Sarno Mountains), which had previously 
experienced a similar event in February 1986. This study was conducted to assess the characteristics of this event 
in terms of triggering and propagation conditions and, with reference to the 1986 landslide, to evaluate the 
evolution of residual landslide hazards at recurring landslide sites. Data collection included field surveys, visual 
analysis of a Unmanned Aerial Vehicle (UAV)-based photogrammetric model, geotechnical laboratory testing, 
rainfall and slope stability analysis, and propagation modeling. Results suggest that the landslide i) originated 
below a trail, ii) involved an initial volume of 450 m3, which did not significantly grow due to the limited 
entrainment of slope sediments, iii) was initiated after 13 h of rainfall (return period ~4 years), and iv) prop
agated along a channel with an estimated velocity of up to 10 m/s. Comparison of the 2019 event with the 1986 
event revealed a significant difference in terms of landslide magnitude (i.e., volume), potentially due to the 
occurrence of multiple events, which may have led to the temporal depletion of available materials along a slope 
repeatedly affected by landslides, and possibly to the different behavior of primary layered deposits (involved in 
the 1986 event) compared to reworked deposits (involved in the 2019 event). This suggests a reduction in the 
residual landslide hazard associated with a decrease in the expected magnitude and frequency of prospective 
events.   

1. Introduction 

Rainfall-induced shallow landslides involving pyroclastic soils are a 
pervasive problem in many regions of the worldwide, including Java 
Island in Indonesia (Muntohar et al., 2022), Hong Kong in China (Chen 
and Lee, 2004), Mexico, El Salvador, and Honduras in Central America 
(Capra et al., 2003; Harp et al., 2009; Smith et al., 2015) and Italy (e.g., 
Del Prete et al., 1998; Calcaterra et al., 1999; Calcaterra and Santo, 
2004; Fiorillo et al., 2019). In the last century, multiple rapid rainfall- 
induced landslides have had a harmful impact on the peri-Vesuvian 
and Phlegraean slopes of the Campania region in southern Italy, lead
ing to substantial economic losses and numerous fatalities (e.g., 318, 
1954 Vietri-Maiori landslides, Fiorillo et al., 2019; 160, 1998 Sarno- 

Quindici landslides, Del Prete et al., 1998). Consequently, these phe
nomena have received considerable attention from the scientific com
munity. In particular, numerous studies have focused on determining 
the critical rainfall conditions required for triggering in unsaturated soil 
cover (e.g., De Vita et al., 2013; Greco et al., 2013; Napolitano et al., 
2015; Urciuoli et al., 2016; Damiano et al., 2017; Fusco et al., 2019, 
2021; Sepe et al., 2021a, b; Tufano et al., 2021a). Further research has 
analyzed the predisposing contributory action of i) the geomorphologic 
characteristics of the affected slopes, ii) the spatial variability of strati
graphic setting, and iii) the textural properties of the involved pyro
clastic covers in predisposing the slope to failure (e.g., Guadagno et al., 
2005; Tufano et al., 2016; Santo et al., 2018; Greco et al., 2021). 
Additionally, such phenomena’ post-failure mechanisms and 
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propagation characteristics were explored using empirical and deter
ministic models (e.g., Revellino et al., 2013; Cuomo et al., 2014). 
Although different terms have been employed to classify these fast- 
moving landslides (i.e., debris flows, debris avalanches, debris- 
avalanche-flows, flow-slides, mudflows, soil slips-debris flows), the 
scientific community generally agrees that these phenomena can be 
described as flow-like landslides (Iverson, 2000; Hungr et al., 2014). 
Typically, they initiate as shallow translational (or rotational) debris 
slides (Hungr et al., 2014) and subsequently evolve into debris ava
lanches and/or debris flows (Hungr et al., 2014). Commonly, the 
detachment zone is of limited extent (few m2) and often located i) at the 
top of artificial cuts, ii) at the top of natural scarps or iii) in the vicinity of 
hollows and zero-order basins (Guadagno et al., 2005; Di Crescenzo and 
Santo, 2005; Cascini et al., 2008), where debris sliding is facilitated by 
slope geometry. Transformation into flow generally occurs after frag
mentation of the sliding mass and due to sequential undrained loading 
and associated mass fluidization (Hungr et al., 2014). Debris avalanches 
typically occur along open slopes and take on a trapezoidal shape, 
whereas debris flows are normally funneled into pre-existing gullies and 
first- or second-order drainage channels. In both cases, the initial vol
ume of the landslide may increase substantially due to the mobilization 
of slope material and entrainment into the moving flow (Hungr and 
Evans, 2004; Iverson, 2012). For instance, an initial landslide volume of 
several tens of cubic meters may reach several thousand of cubic meters, 
and this process is controlled by the amount of slope material available 
for mobilization. The accumulation zone is usually located at the foothill 
and may correspond to a pre-existing alluvial fan (Del Prete et al., 1998). 

Landslide initiation is often linked to intense precipitation events and 
depends on prior hydrological conditions. Such conditions can modulate 
the hydrologic response of a slope subjected to rainfall (e.g., Rianna 
et al., 2014; Napolitano et al., 2016; Fusco et al., 2017) and are 
responsible for variations in critical rainfall characteristics required for 
landslide initiation. Therefore, rainfall thresholds are commonly used to 
identify critical precipitation and associate landslide initiation and are 
used as a basis for developing early warning systems (Canli et al., 2018; 
Conrad et al., 2021). Numerous studies have identified rainfall thresh
olds for landslide initiation over the peri-Vesuvian area, using both 
empirical and physics-based approaches. Empirical rainfall thresholds 
relate rainfall information to the observed landslide occurrence and are 
typically based on rainfall intensity and duration (Caine, 1980). Physics- 
based rainfall thresholds can be derived by deterministic hydrological 
modeling (often through variably saturated flow equations, e.g., Zhu 
et al., 2022) and associated slope stability analysis (e.g., Montgomery 
and Dietrich, 1994; Godt and McKenna, 2008; Marin et al., 2020). With 
respect to the Sarno Mts. area, empirical rainfall thresholds were 
initially proposed by Guadagno (1991). Subsequently, other authors 
have developed rainfall thresholds based on this approach, such as 
Calcaterra et al. (2000a), De Vita and Piscopo (2002), and Tufano et al. 
(2019), whereas physics-based rainfall thresholds were initially devel
oped by De Vita et al. (2013). Additionally, Napolitano et al. (2016) and 
De Vita et al. (2018) accounted for the effect of prior hydrological 
conditions on rainfall thresholds by considering monitoring data. 

Landslide detachment commonly occurs at slope angles ranging from 
35◦ to 45◦, while angles between 26◦ and 30◦ characterize transition 
zones (Calcaterra et al., 2003; Guadagno et al., 2005; Di Crescenzo and 
Santo, 2005). Stratigraphic reconstructions of the detachment and 
transit zones have demonstrated that typical successions of pyroclastic 
deposits are composed of variably weathered cineritic intervals, pumice 
levels, and paleosols (Calcaterra et al., 2000b; De Vita et al., 2013; 
Revellino et al., 2013; Tufano et al., 2021b). Less frequently, reworked 
pyroclastic deposits, in which no discernible layering is visible, have 
been observed in landslide detachment zones. The slip surface of the 
upper debris slide typically occurs within the lower part of the pyro
clastic cover, resulting in much of the material being removed along the 
landslide path during the event propagation. This condition, typical of 
single-event debris avalanches (Hungr et al., 2014), is of particular 

importance in terms of susceptibility and hazard assessments, as zones 
previously affected by fast-moving landslides (i.e., debris slide–debris- 
avalanche/debris flow; Hungr et al., 2014) may not be able to sustain the 
generation of a new event of similar magnitude due to the lack of 
adequate sediment supply for volumetric growth. This is significant in 
the context of residual hazard analysis, especially in urbanized areas (Di 
Martire et al., 2012; Yang et al., 2022). 

On December 19th, 2019, a rapid landslide occurred at Palma 
Campania, on the Crocelle slope (north-western sector of the Sarno 
Mts.), with no casualties or damage to settlements due to the effective
ness of existing mitigation measures. The landslide was triggered by an 
intense rainfall event with a total height of approximately 99 mm and a 
duration of approximately 20 h, peaking at 22 mm/h. Therefore, its 
propagation was mainly confined to a slope channel that directed the 
flow toward the slope base. This landslide was only the most recent in a 
series of events to affect the Crocelle slope, the most severe being an 
incident in February 1986 that caused eight fatalities and damaged 
settlements (Guadagno et al., 1988). Consequently, in 2008, mitigation 
measures were installed at the footslope, including check dams at the 
slope channel section at the base of the slope and retention basins at 
channel outlets. 

On this basis, an analysis of the characteristics of the event in terms 
of initiation and propagation is presented here to discuss local impli
cations for residual hazard estimation and evolution. Specifically, results 
from i) Unmanned Aerial Vehicle (UAV)-aided field survey, ii) 
geotechnical laboratory testing of slope materials, iii) rainfall and 
related slope stability analysis, and iv) propagation modeling are 
interpreted in the context of residual hazard estimation at locations 
already impacted by fast-moving landslides. In this perspective, the 
landslide that occurred in 1986, involving primary layered pyroclastic 
deposits, is considered a reference scenario, and the new event, 
involving reworked materials, is viewed as a possible subsequent event. 
Although the events occurred at separate sites, initiation conditions (i.e., 
sedimentologic characteristics of involved deposits) suggest that the 
events occurred in two distinct and successive evolutionary steps of 
slope evolution likely subsequent landslides. This work, providing an 
innovative model of landslide residual hazard evolution for slopes 
covered by pyroclastic deposits, is a considerable novelty in the context 
of hazard analysis. However, to the authors’ knowledge, no specific 
contributions in this sense have been provided. Furthermore, the sig
nificance of this paper is increased by the newly provided perspective in 
assessing residual hazard that would decrease over time as a function of 
the potential landslide magnitude. As a result, current approaches to 
residual hazard assessment, based on magnitude-equivalent scenarios, 
could lead to hazard overestimation. In addition, the recent Palma 
Campania landslide interacted with existing mitigation measures, 
providing an opportunity to evaluate their mitigating effect in relation 
to the event’s magnitude. 

2. Study area 

The Palma Campania landslide is located at approximately 462,933 
E and 4,523,086 N (UTM 33 coordinates; Fig. 1) and involves pyroclastic 
deposits covering the so-called Crocelle slope, part of the western slope 
of Mt. Sant’Angelo, within the Palma Campania Municipality (eastern 
border of the Campanian plain). In terms of the primary geological- 
stratigraphic context, the study region is characterized by the presence 
of Mesozoic carbonates (Patacca and Scandone, 2007) that are over
layed by soils of pyroclastic origin (Upper Pleistocene–Holocene), which 
are attributed to the volcanic activity of the Somma-Vesuvius volcano 
and, in a lesser extent, the Phlegraean Fields (the western portion of the 
Campania plain; De Vita et al., 2013). Furthermore, anthropogenic de
posits comprising reworked materials due to road cutting and debris 
deposits, occasionally mixed with pyroclastic materials, are present. The 
Mesozoic complex consists primarily of Cretaceous limestones belonging 
to the stratigraphic-structural unit of Picentini-Taburno Mts. (Vitale and 
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Ciarcia, 2018), which is well-exposed along the western side of San
t’Angelo Mt. (762 m a.s.l.). This carbonate structure is usually fractured 
and karstified, predominantly in the upper part. The thickness of the 
overlying pyroclastic and/or detrital deposits ranges from 0.5 up to 2.0 
m. The stratigraphic composition of the covering soils is characterized 
by alternating Vesuvian eruptions of “Ottaviano” (8900 BP) and 
“Avellino” (4365 BP) (Santacroce et al., 2008) deposits and pedogenized 
horizons. The Crocelle slope is characterized by angles between 35◦ and 
45◦ and parallel slope incisions due to intense morpho-evolutionary 
processes. 

On February 22nd, 1986, the Crocelle slope and its covering pyro
clastic deposits were subject to a rapid landslide, as documented by 
Guadagno et al., (1988; Fig. 1). The source region of this landslide, in 
comparison to that occurred in 2019, was situated ca. 250 m northward 
and at an approximate altitude of 250 m above sea level, involving an 
approximate volume of 15,000 m3 of material and propagating down
slope for roughly 40 m along a channel. This event resulted in the 
destruction of two buildings at the base of the slope, as well as the loss of 
eight lives. The landslide deposit extended beyond the foot of the incline 
for approximately 40 m, with an angle of repose of approximately 28◦. 
This event occurred in the aftermath of a rainy period extending from 
January 31st to February 26th and saw a total of 290 mm of rainfall. 

3. Methods 

3.1. UAV photogrammetry-aided field surveys 

A field survey was conducted at the beginning of 2020 to decipher 
landslide characteristics, such as the lithology of involved materials, and 
the position of the source zone relative to potential predisposing con
ditions (e.g., road cuts, rocky scarps, etc.), geometry and stratigraphic 
settings of the source zone, including source material thickness, the 
geometry of the propagation path along the involved channel, basal 
erosion distribution in the transit zone, thickness of landslide deposit, 
presence of involved woody debris, and distribution of landslide deposit 
in relation to existing mitigation measures. Visual inspection of exposed 
material was employed to identify the lithologic and sedimentologic 
features of the involved material, including top-soil horizons. Manual 
field measurements were taken at selected locations to estimate the 
source and transit zone width, source material and deposit thickness, 
and erosion depth along the path. Smartphone-aided field mapping was 
used to construct a digital model of the landslide deposit. Due to the 
inaccessibility of certain slope sectors for landslide geometry recon
struction, an UAV photographic and photogrammetric survey was per
formed to generate a slope model suitable for landslide geometry 
measurements, path reconstruction, and source volume estimation. The 
survey was conducted with an overlap of around 80% and a side lap of 
approximately 60%. Additionally, the Real Time Kinematics Global 
Positioning System Technique (RTK GPS) was used to acquire six control 

Fig. 1. Map showing the position and extent of both 1986 (from Guadagno et al., 1988) and 2019 Palma Campania landslides. Main trail and mitigation measures 
consisting of check dams and debris basins are shown. Yellow dots indicate landslide deposit thickness. UTM 33 N coordinates are shown at the map edges. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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points with a 3D accuracy of 2 cm to ensure image alignment and 
elevation. The acquired images were then processed to generate a post- 
event Digital Surface Model (DSM) and Digital Elevation Model (DEM) 
with a 1-m single-sided pixel dimension, which was used to estimate the 
landslide source volume by differencing and volume computation. 

3.2. Laboratory testing 

To support both landslide stability and propagation analysis, un
derstanding the physical and mechanical properties of the involved 
soils, laboratory tests were conducted on samples taken near the source 
zone and along the upper sector of the transit zone. Samples were ac
quired by pushing a hand-driven steel sampler into the material after the 
construction of shallow pits. Medium and low-grade disturbed samples 
were obtained to estimate the water content, specific gravity, unit 
weights, and grain size distribution (ASTM Standards, D 2216, D 854, D 
2937, D 422, respectively; ASTM 2008). For mechanical soil charac
terization in pre-landslide conditions, direct shear tests were performed 
on reworked samples at increasing stress levels, namely 100, 200, and 
300 kPa. Direct shear tests were executed with a standard displacement- 
controlled apparatus according to ASTM D 3080–90. The displacement 
rate was established at 0.120 mm/min. Micrometer dial gauges with a 
0.001 and 0.01 mm resolution were used to measure vertical and hori
zontal displacements, respectively. Shear strength and corresponding 
Mohr–Coulomb mechanical parameters (c’, φ’) were estimated. 

3.3. Rainfall analysis 

An analysis of boundary conditions for landslide initiation was 
conducted through a statistical analysis of the maximal rainfall trig
gering the 2019 landslide for various durations. Rainfall data were ac
quired from the Palma Campania rain gage (ID 37261) via the “Centro 

Funzionale Multirischi della Protezione Civile Regione Campania” (http: 
//centrofunzionale.regione.campania.it/) an entity of the public sector 
which is dedicated to meteorological forecasting, monitoring and 
assessing current and/or anticipated hydraulic and geological issues as 
support to the Civil Protection Department. Rainfall data registered from 
2008 to 2021 as 10-min time series were eventually accumulated for 
certain durations, namely 1 h, 3 h, 6 h, 8 h, 12 h, and 24 h, and the 
annual maxima for each duration was estimated (Fig. 2). 

Subsequently, a statistical analysis was conducted using the Gumbel 
frequency distribution model (Generalized Extreme Value Type I; Jen
kinson, 1955) in the form of a Cumulative Distribution Function (CDF). 
This model expresses the probability function P(h) as: 

P (h) = exp { − exp [ − α (x − u) ] } (1) 

where the parameters α and u are estimated considering the mean 
value of the series (μ) and its standard deviation (σ) as follows: 

α =
1.283

σ (2)  

u = μ − 0.45 σ (3) 

The inverse of the CDF (i.e., a survival distribution function) pro
vides the values of the cumulative rainfall for a specific duration, 
allowing for the determination of the return period (T) for the assigned 
rainfall intensity and related duration at each point of the function. The 
rainfall triggering the December 2019 landslide (Fig. 3) was also eval
uated by estimating the return period of the maximum values for the 
specific durations using the estimated Gumbel distribution parameters. 

3.4. Hydrological modeling and slope stability analysis 

The numerical code VS2D (Hsieh et al., 2000) was utilized to 

Fig. 2. Rainfall annual maxima from 2008 to 2021 for 1 h, 3 h, 6 h, 8 h 12 h, and 24 h. Data were derived from the Palma Campania rain gage.  
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evaluate the hydrological response modeling and stability of a hillslope. 
This code is based on Richard’s equations and simulates two- 
dimensional variably saturated subsurface flow by solving the flow 
equation. The model combines the law of conservation of fluid mass 
with a non-linear form of Darcy’s equation using the finite-difference 
method. However, due to lacking a general analytic solution, numeri
cal approximations of spatial and temporal derivatives are necessary. 
Prior studies have used the VS2D model to simulate the hydrological 
behavior of pyroclastic soils in various test areas within the Campania 
region, comparing modeled results with field monitoring of the pressure 
head (Napolitano et al., 2016; Fusco et al., 2019). 

The numerical model was established based on a pre-landslide axial 
longitudinal cross-section of the slope, which started upslope from the 
road cut above the landslide, according to both field observations and 
the reconstructed engineering-geological model. This profile was con
structed by comparing the obtained photogrammetric DEM with the 
available pre-landslide LiDAR-derived DEM. 

The physical and mechanical characteristics of the affected slope 
materials were determined by laboratory testing. Furthermore, hydro- 
mechanical properties of the carbonate bedrock and anthropogenic de
posits (constituting the road) were assigned based on previous studies 
(De Vita et al., 2013; Table 1). Additionally, unsaturated and saturated 
hydraulic soil properties were assigned using fitting parameters of the 
van Genuchten (1980) SWRC model and assigned hydrological 

properties. 
Boundary conditions for hydrological modeling incorporated a ver

tical flux across the ground surface, to which the inciting rainfall event 
(Fig. 3) was assigned. Specifically, the rainfall event, totaling 99.2 mm, 
lasted approximately 20 h with an average intensity of 4.88 mm/h. 
Additionally, the effect of water loss due to the evapotranspiration 
process was considered negligible due to the dormant period that 
characterizes the vegetation (i.e., winter season). The downstream and 
basal boundaries of the model domain were set as seepage faces, ac
counting for the absence of an impermeable horizon. The upstream 
boundary was configured as a no-flow boundary. The initial pressure 
head (PH) used for the simulations was established according to the 
typical winter conditions of the ash-fall pyroclastic cover observed in the 
Sarno Mts. area (i.e., Fusco and De Vita, 2015; Fusco et al., 2017). 
Finally, based on results from hydrological modeling, a limit equilibrium 
slope stability analysis was performed. Driving forces were computed 
along the reconstructed failure surface, which was assumed to corre
spond to the presently exposed surface due to the minimal effect of 
erosional phenomena. Resisting forces were estimated according to a 
suction stress model (Lu and Likos, 2004) for which the suction stress, σs, 
is considered equivalent to the pore water pressure in saturated condi
tions while corresponding to the product of the degree of effective 
saturation and matric suction for partially saturated conditions. 

σs = − (ua − uw) for (ua − uw) ≤ 0 (4)  

σs = − θe(ua − uw) for (ua − uw)〉0 (5) 

where ua is the pore air pressure and uw is the pore water pressure. 
The Factor of Safety (FoS) can be determined using the equation for 

infinite slope stability (e.g., Chang et al., 2021; Sun et al., 2021): 

FoS =
c′

+ [σ cos2β − σs]tanφ′

σsin βcos β
(6) 

where c’ is the effective cohesion, σ is the total stress, φ’ is the 
friction angle, and β is the slope angle. For the computation of the FoS, 
pressure head, and water content values were considered for each 
simulation time step along five vertical profiles, with either five (V1, V2, 
V3) or six (V4, V5) observation points spaced 0.50 m apart in depth. 

Fig. 3. Hourly rainfall depicting the characteristics of the storm responsible for 2019 landslide initiation.  

Table 1 
Saturated (Ksat) and unsaturated parameters for van Genuchten’s formula for the 
SWRC, derived from bibliographic data (De Vita et al., 2013) and the VS2D li
brary. Key to symbols: Ksat—hydraulic conductivity, Ss - specific water storage, 
RMC—residual volumetric water content, and α and β - van Genuchten (1980) 
model fitting parameters.  

Lithology Ksat (m/s) SS n RMC α β 

Present-day soil 
4.28 ×
10− 5 0.0500 0.500 0.08 5.60 1.57 

Anthropogenic 
deposits 

4.63 ×
10− 3 0.0004 0.375 0.02 4.31 3.10 

Carbonate bedrock 1.37 ×
10− 7 0.1400 0.200 0.02 4.31 3.10  
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These data allowed for estimating the FoS for each point of each vertical 
profile, accounting for the variation in pressure head resulting from 
rainfall. The FoS was calculated for each time step (600 s) of the nu
merical simulation to assess the critical duration of the rainfall event 
that could lead to slope instability (FoS = 1). 

3.5. Propagation modeling 

Propagation modeling of the landslide was conducted employing the 
Smoothed Particles Hydrodynamics method (Benz, 1990; Monaghan, 
1992) as implemented in the DAN-3D software (McDougall and Hungr, 
2004). DAN-3D is based on a numerical solution of the depth-averaged 
Lagrangian equations of motion for an “equivalent fluid” (Hungr, 1995), 
thus allowing for simulating the propagating landslide mass as a hypo
thetical material governed by a simple rheological relationship. The 
model can describe the motion of the mass in terms of its dynamic 
characteristics, including total runout distance, velocity and discharge 
of the flowing mass, and thickness distribution (both instantaneous and 
maximum). As a quasi-3D model, DAN-3D does not require a pre-defined 
landslide path but rather computes it based on the available post-event 
DEM of the slope. The necessary inputs for such a simulation include: i) a 
post-event DEM of the affected slope, ii) a reconstructed thickness dis
tribution of the source volume, and iii) physical, mechanical, and 
rheological parameters of the landslide material (unit weight, dynamic 
friction angle, etc.). Furthermore, material entrainment during flow 
propagation can be modeled, providing a mapped distribution of slope 
materials and their characteristics, an erosion rate, and the maximum 
thickness of erodable material. The erosion rate and the rheological 
model employed, along with its associated parameters, need to be cali
brated based on field observations (e.g., landslide path geometry 
including final elongation, deposit distribution, and local thickness, 

estimated velocity, etc.; e.g., Revellino et al., 2004, 2013). 
In the case of the recent Palma Campania landslide, the Voellmy 

(1955) rheological model, modified by Hungr (1995), was chosen for 
propagation modeling. This model considers the resistance to motion at 
the base of the propagating flow to be expressed as: 

τ = γH
(

cosα+
αc

g

)

f + γ
v2

ξ
(7) 

where τ denotes the resisting stress at the base of the flow, γ denotes 
the unit weight of the flowing material, H denotes the flow depth, α 
denotes the slope angle, f denotes the dynamic friction coefficient 
related to the total normal stress at the base of the flow, αc denotes the 
centrifugal acceleration resulting from the vertical curvature of the flow 
path, and ξ denotes a turbulence coefficient, m/s2. Material properties, 
such as unit weight, were derived by laboratory testing, while the dy
namic friction coefficient and turbulence coefficient were estimated 
using trial and error, considering the extent of landslide and deposit 
thickness measured at the selected locations. Best results were obtained 
for an f of 0.2 and a ξ of 200 m/s2. The parameterization was consistent 
with previous studies of analogous events (e.g. Revellino et al., 2013). 
Since the field survey revealed only minimal (<0.1 m) and localized 
erosion along the landslide trajectory, material entrainment was not 
considered in this propagation analysis. The analysis output comprised a 
temporal map of flow depths, a map of post-event sediment distribution, 
and a map of maximum velocities. 

4. Results 

4.1. Landslide characteristics and material properties 

Figs. 1 and 4 present the results of the observations and 

Fig. 4. The geological model of the detachment zone reconstructed using data from field investigations: (1) present-day top-soil (A and B soil horizons), (2) 
anthropogenic deposits, (3) carbonate bedrock, (4) pre-landslide slope profile, (5) present-day slope profile, and (6) geometry of the landslide detachment zone. Inset 
pictures show the detachment zone and the associated trail. 
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measurements carried out in the field and through the analysis of the 
available LiDAR DEM and the DSM derived from the photogrammetric 
analysis of UAV-based images. It is evident that the Palma Campania 
landslide in December 2019 has an axial length of approximately 300 m, 
a width of the source zone of ~10 m, and a maximum width of the 
deposit of ~25 m. The detachment zone has a generally rectangular 
planar form and a concave longitudinal cross-sectional shape; it covers 
an area of roughly 400 m2. As illustrated by the longitudinal and cross 
sections in Fig. 4, the average thickness of the affected pyroclastic ma
terial is ~1.2 m, with an initially estimated volume of the landslide, 
derived from DEM differencing, of ~450 m3. 

The landslide was initiated at 260 m above sea level, below a trail 
traversing the slope. The material involved in the initial slide was 
characterized by brown reworked pyroclastic material, whose primary 
stratification, typically associated with such deposits in the region, had 
been eroded. This material appears to be composed of a combination of 
weathered ashes, pumice, and slags, with some calcareous clasts. The 
slope was predominantly covered with shrubs and a few individual trees. 
During the field inspection, it was observed that the landslide had 
removed most of the pyroclastic cover, exposing the underlying car
bonate bedrock. Additionally, sample sediment entrainment due to the 
sliding was observed along the upper sector of the transit zone, with an 
average erosion depth of ~0.1 m. Moreover, dispersed deposits of 
reworked pyroclastic material were observed along the lower edge of the 
detachment zone and transit zone, with a maximum thickness of <1 m. 
The slope angle along the landslide path varied between 41◦ in the 
detachment zone, 40◦ in the transit zone, and 20◦ in the deposition zone. 
The landslide deposit at the base of the slope was fan-shaped, with a 
maximum thickness of ~1 m and containing woody debris. This in
dicates that the landslide may have initiated as a debris slide before 
propagating along a slope-parallel channel as a debris flow. 

Laboratory testing on medium and low-grade disturbed samples of 
pyroclastic material involved in the landslide revealed that the soil 

consists of slightly gravelly sand with silt. The average water content at 
the time of sampling was 23%. Specific gravity was calculated to be 2.38 
g/cm3, with a corresponding unit weight of ~11 kN/m3, and an esti
mated porosity of 64%. The grain size distribution indicated a D60 of 
0.347 mm and a D10 of 0.009 mm, yielding a uniformity coefficient of 
38.5. Results of direct shear tests in terms of stress-strain curves and 
related Mohr–Coulomb failure envelope are presented in Fig. 5. 

Samples tested at stress levels of 100, 200, and 300 kPa demonstrate 
ductile and contractile behavior. As illustrated in Fig. 5c, the samples 
demonstrate a progressive increase in stiffness and shear strength with 
escalating normal effective stress. The Mohr–Coulomb failure envelope 
corresponding to the end-of-test shear strengths is displayed in Fig. 5e. 
The interpretation of the results in terms of shear strength parameters 
suggests a friction angle of approximately 43◦ and a zero cohesion value. 

4.2. Conditions for landslide initiation 

Fig. 3 illustrates the characteristics of the duration and distributed 
intensity of the rainfall events responsible for initiating the 2019 land
slide. The probabilistic analysis of the annual maxima of the rainfall 
time series enabled the estimation of the Gumbel distribution frequency 
parameters and the derivation of the return period of the maxima of the 
rainfall, which triggered the 2019 landslide for the considered dura
tions. Fig. 6 depicts the curves of return periods for the annual maxima 
rainfall series for cumulative rainfall and specified duration. Also shown 
is the path corresponding to the return period of the maximum values of 
the cumulative rainfall, which triggered the 2019 landslide. The results 
indicate that for durations of 1 and 3 h, the triggering rainfall has a 
return period ranging from 1 to 3.5 years. For 6 h, the return period 
reaches values close to 10 years. For 8-h’ duration, the return period 
decreases to 5.5 years, subsequently exceeds 10 years for a duration of 
12 h, and reaches 12.5 years for a duration of 24 h. 

The reconstructed two-dimensional numerical model was 

Fig. 5. In situ soil sampling phase - a), b) and direct shear test results: stress-strain curves of samples at increasing stress levels (i.e., 100, 200 and 300 kPa) - c) τ, do - 
d) dv, do - e) end-of-test failure envelope. 
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representative of the source zone (Fig. 7) enabled numerical simulation 
of the slope hydrological response to modeled rainfall events in terms of 
PH distribution. During the simulated rainfall (Fig. 3), a gradual increase 
in PH and a decrease in FoS values were observed in the lower part of the 
pyroclastic deposits covering the slope and downslope of the artificial 
cut (Fig. 8A). The effect of the increase in PH strongly influenced V1 and 
V2 vertical profiles, where saturated/near saturated conditions were 
simulated, leading to instabilities. Specifically, an unstable condition (i. 
e., FoS < 1) was estimated at a depth of 2.00 m along the V1 vertical 
profiles (Fig.s 8A-a and 8B) after ~13 h (45,600 s) of rainfall and an 
approximate total rainfall height of about 73.2 mm. Additionally, FoS >
1 characterized V2, V3, V4, and V5 vertical profiles, although a rise in 
PH was observed (Fig. 8C). 

4.3. Landslide propagation 

Fig. 9 (a to d) presents the results of the landslide propagation 
modeling along the Crocelle slope from the detachment zone to the slope 
base depicting flow thickness and the area affected. Specifically, 10 s 
after the detachment (Fig. 9a), the landslide mass (i.e., the flow front) 
had advanced ~45-m downslope, entering the parallel slope creek and 
reaching the lower segment of the trail, downslope from the detachment 
zone. In the initial propagation stage, the landslide mass assumed a fan- 
like shape, likely reflecting the transition from the initial slide mecha
nism to the subsequent flow; flow thickness reached ~1 m at the center 
of the mass. Twenty seconds after the detachment (Fig. 9b), the landslide 
mass had mostly passed through the lower trail (~95-m downslope of 
the detachment zone), and only a small remnant was still traveling along 
the upper sector of the path above the lower trail. At this propagation 
stage, the front of the mass exhibited an elongated shape, constrained by 
the flank of the creek, characteristic of flow-like landslides. The thick
ness of the flow locally reached ~1 m. Forty seconds after the detach
ment (Fig. 9c), the front of the flow was nearing the slope base (~180-m 
downslope from the detachment zone), with the whole landslide mass 
having assumed an elongated form, moving along the slope-parallel 
creek. The exception was a small tail of the flow traversing the lower 
trail and a small suspended deposit. Sixty seconds after the detachment, 
the front of the flow reached the check dam at the base of the slope 
(Fig. 9d; ~240-m downslope from the detachment zone). The landslide 
mass was completely traveling along the parallel slope creek, and the 
thickness of the flow reached ~1 m in several locations. Two suspended 
deposits were identified at this propagation stage: one at the bottom 
edge of the detachment zone and the second at the lower trail. 

Fig. 10 (a and b) illustrates the final deposit distribution along the 
slope and spatial velocity distribution during landslide propagation. As 
depicted in map a), numerical modeling suggests that after propagation, 
the landslide mass assumed a fan-shaped form at the slope base, pro
ducing a deposit with a maximum thickness of ~0.85 m. The landslide 
mass passed through the check dam, splitting the deposit into two fans: 
an upslope-constrained fan and an unconstrained downslope fan. The 
model also predicted a tail deposit, as well as two suspended deposits 
located in the upper sector of the slope. 

The local thicknesses estimated from field measurements at points 1, 
2, 3, and 4 are 0.7 m, 0.7 m, 0.5 m, and 0.5 m, respectively, which are 
well-correlated with local model estimates of 0.8 m, 0.76 m, 0.65 m, and 
0.6 m. Additionally, the modeled area affected by the landslide 

Fig. 6. The return period for cumulative rainfall related to specific durations of 1 h, 3 h, 6 h, 8 h, 12 h, and 24 h was derived from the statistical analysis of the 
maxima rainfall data. Return periods of maxima rainfall of the event triggering the 2019 landslide are also shown. 

Fig. 7. The setup of the numerical hydrological model in VS2D (Hsieh et al., 
2000): (1) present-day top-soil (A and B soil horizons), (2) pumiceous soil 
horizon, (3) carbonate bedrock, (4) rainfall boundary, (5) possible seepage face, 
(6) no-flow boundary, and (7) vertical profiles. 
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Fig. 8. Slope models showing the hydrological response obtained through VS2D modeling after 45,600 s (A). Estimated FoS variation across the vertical profiles, 
coinciding with specific rainfall intensities characterizing the December 19th, 2019 event, is also shown (B, C). Hourly rainfall intensity is referred to as the 10- 
min series. 
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propagation has a shape that agrees with that reconstructed from field 
observation (i.e., dashed line in Fig. 10a), albeit larger at the detachment 
where a sliding-dominating movement mechanism is expected. Map b) 
illustrates the landslide velocity distribution along the propagation path. 
As indicated by the map, the landslide accelerated up to approximately 
10 m/s after the detachment, followed by deceleration as the landslide 
mass passed through the lower trail. Downslope, new acceleration 
occurred, leading to the landslide reaching a maximum velocity of ~10 
m/s and subsequently decelerating at the slope base. 

5. Discussion 

5.1. Triggering conditions and propagation 

The hydrological modeling and slope stability analysis of the 2019 
Palma Campania landslide revealed that the landslide was initiated after 
~13 h from the beginning of the triggering rainfall event. Based on the 
probabilistic analysis of the rainfall time series, the modeled rainfall 
event was characterized by an estimated return period of ~4 years. This 
value differs from the return period of the maximum hourly intensity of 
the triggering event (i.e., 5.5 years; Fig. 6). Consequently, the slope 
failure was likely due to the combined effects of antecedent hydrological 
conditions. The analyzed landslide occurred during the winter season 

Fig. 9. Maps showing results from propagation modeling of the December 2019 Palma Campania landslide in terms of flow thickness and involved area (orange 
shadow) at a) 10 s, b) 20 s, c) 40 s, and d) 60 s after the detachment. UTM 33 N coordinates are shown at the map edges. 
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when the significant water content of the soil cover can be attributed to 
both the precipitation and the dormant vegetation (Napolitano et al., 
2016; Fusco et al., 2017). This can promote landslides with initiation by 
rainfall events of limited intensity (i.e., low return period) and long 
duration (Greco et al., 2013). This is supported by the observation where 
the rainfall intensity responsible for the Palma Campania landslide did 
not exceed 7 mm/h (Fig. 11). 

Fig. 11 shows the rainfall conditions responsible for the modeled 
slope instability (i.e., the red rectangle) and the intensity-duration 
evolution of the triggering rainfall event. As can be seen, the insta
bility condition occurs after a sequential increase in intensity, depicted 
by sub-vertical segments of the intensity-duration path. The landslide 
was initiated when the rainfall intensity-duration conditions approxi
mated the thresholds proposed by Calcaterra et al. (2000a) and Tufano 
et al. (2019), corresponding to a return period of 1 < T < 2 years and 
exceeding them. 

Although the antecedent conditions for landslide initiation were set 
according to the monitored winter conditions for the area, the modeled 
landslide was consistently below the rainfall threshold developed by 
Napolitano et al. (2016) for the winter season. This might be due to 
differences between measured (and modeled) rainfall and the event that 
effectively triggered the slope. It is likely that the real amount of the 
triggering rainfall event was not recorded by the single representative 
rain gage as it was located at 80-m a.s.l. and about 1.8 km away from the 
source zone. 

Furthermore, a morphological discontinuity (i.e., road cut) was 
located upslope of the source zone of the 2019 Palma Campania land
slide. Slope geometry and local changes in slope morphology have been 
recognized as significant predisposing factors for landslide initiation, 
causing concentrated infiltration into surface flow during rainfall events 
and changes in the underground water circulation, as demonstrated by 
Di Crescenzo and Santo (2005), Guadagno et al. (2005), and Cascini 
et al. (2008). This effect has also been observed in different contexts, 

Fig. 10. Maps showing the final deposit distribution in terms of thickness (a) and velocity (b) after the propagation of the December 2019 Palma Campania landslide 
along the Crocelle slope. UTM 33-N coordinates are shown at the map edges. 

Fig. 11. Comparison between bibliographic I–D thresholds, available for Sarno 
Mts. area, and I–D value coinciding with the slope instability observed through 
VS2D modeling. The triggering rainfall event of December 19th, 2019, is 
also shown. 
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such as Asia, where the proliferation of informal local roads in the past 
decade has increased the risk of rainfall-induced landslides (e.g., Prad
han et al., 2022). Road cuts interrupt the morpho-stratigraphic conti
nuity of the slope, promoting rainfall infiltration into the unsaturated 
zone and consequently increasing the soil water content, reducing the 
soil suction and shear strength (Fredlund et al., 1978; Wu et al., 2017; 
Rahardjo et al., 2019), leading to potential instability. 

The mechanical and physical parameters determined by laboratory 
testing and used for the physics-based model settings showed a good 
correspondence with literature data estimated by Crosta and Dal Negro 
(2003), Bilotta et al. (2005), Cascini et al. (2005) and De Vita et al. 
(2013), and Tufano et al. (2021b) for peri-Vesuvian ash-fall pyroclastic 
soils (Table 2). The friction angle (φ‘) of materials forming the B horizon 
presented higher values than those estimated by Bilotta et al. (2005) and 
Cascini et al. (2005) for both the “A” and “B” classes and the Bb horizon 
(buried horizon) in Crosta and Dal Negro (2003). These results agree 
with the values obtained by De Vita et al. (2013), and Tufano et al. 
(2021b) for the B horizon. Moreover, for these soils, the contribution of 
cohesion to the shear strength was negligible due to the low amount of 
clayey fraction detected in the tested material (< 2%), unlike other re
searchers that considered a range of variation of cohesion values 
(Table 2) related to both root reinforcement and grain crushing (e.g., 
Tufano et al., 2021b). Good matches were also found for the unit weight 
value. 

The results of propagation modeling provide information on the 
evolution of the 2019 Palma Campania landslide, simulating the de
posit’s thickness and the velocity distribution along the propagation 
path. Comparable to other precedential cases that occurred in the 
Campania region (e.g., Sarno landslides, Revellino et al., 2004; Nocera 
Inferiore landslide, Revellino et al., 2013), the modeled runout occurred 
with considerable velocity along an existing channel (Fig. 10). This 
condition played a controlling role in the development of the landslide 
phenomenon, which evolved from a debris slide to a debris flow. The 
transformation into a debris avalanche was prevented by the shape of 
the slope and the presence of the hydrographic network. Additionally, a 
check dam at the base of the slope significantly affected the safeguarding 
of the inhabited foothill. The modeling results reveals the deposit split. 
This mitigation measure is likely responsible for the short distance 
covered by the landslide. In the peri-Vesuvian slopes, the runout usually 
varies between several tens of meters and a few kilometers (Calcaterra 
et al., 2003). Accurately predicting such distance, as well as the 
magnitude of the depositional zones, landslide velocity, volume, and 
discharge, is essential for the design of mitigating measures. Notably, 
landslide propagation was simulated using the Voellmy (1955) rheo
logical model in DAN-3D. This simplified approach considers the single- 
phase Voellmy rheology as representative of the flow behavior with 

respect to the calibrated parameters. In this particular case, no data 
regarding the propagation velocity was available, thus this parameter 
was not considered during the trial-and-error calibration. This had some 
implications on the results, such as uncertainty in the velocity distri
bution, the shape of the propagation zone and runout distance, and the 
thickness of the deposited material, some of which were partially 
different from those observed in the field. Similarly, in previous appli
cations of the propagation model with DAN-3D in the volcanic context of 
Campania (e.g., Revellino et al., 2004, 2013), the propagation model 
includes uncertainties related to the rheology model and the calibrated 
parameters. 

5.2. Slope evolution and implications for residual hazard 

Results from the analyses indicated that the 2019 Palma Campania 
landslide (i) involved reworked pyroclastic deposits of an estimated 
average thickness of ~1.2 m, (ii) entrained a limited amount of slope 
sediment along the upper propagation zone, and (iii) entrained a limited 
amount of woody debris, mostly consisting of shrubs. The observed 
limited sediment entrainment suggests that the initial landslide volume 
of 450 m3 approximately corresponds to the final volume, making this 
landslide distinct from the more significant events that have occurred in 
the peri-Vesuvian area (Del Prete et al., 1998; Calcaterra and Santo, 
2004; Revellino et al., 2004, 2013). This characteristic may indicate 
control of the local geologic setting (i.e., stratigraphy and slope sediment 
availability) in relation to the decadal geomorphological evolution of 
the slope. The presence of reworked deposits in the upper part of the 
slope may be linked to past landslides and/or erosion processes, which 
were unable to completely remove the slope-covering materials but 
were capable of reworking them. Such landslides would likely have been 
characterized by a magnitude lower than the 2019 landslide and a 
different mechanism (e.g., debris slide). Rapid-moving debris-slide 
debris-flow or debris-avalanches (Hungr et al., 2014) involving primary 
pyroclastic deposits tend to remove most slope sediment and deposit it at 
alluvial fans or the base of the slope (Revellino et al., 2004, 2013). 
Debris slides can cause the reworking and sediment redistribution of 
primary pyroclastic deposits along a slope, and their magnitude may be 
sufficiently low to prevent the complete removal of slope deposits (e.g., 
Guerriero et al., 2019). Sheet erosion over a long period may also 
contribute to this. The potential occurrence of such landslides or erosion 
processes may explain the limited amount of sediment available along 
the landslide path to be entrained. Although the 2019 landslide pri
marily propagated along a channel in which pyroclastic deposits can be 
expected to be absent due to erosion processes, the low amount of 
entrained sediment from the upper part of the slope, where the landslide 
propagates outside of the channel, can be attributed to its limited 
thickness. Additionally, the presence of shrub vegetation may corrobo
rate the events that prevented the development of tree vegetation in the 
neighboring slope sectors. 

Guadagno et al. (1988) indicated that primary deposits cropped out 
in the upper and middle parts of the western sector of the Crocelle slope, 
which was involved in the 1986 landslide. These deposits appear to be 
characterized by a thickness generally >5 m, except for the upper part of 
the slope, where lower thicknesses were observed. The 1986 landslide 
(i) involved layered pyroclastic deposits of an estimated average thick
ness of ~2 m, (ii) entrained a significant amount of slope sediment along 
the upper and middle parts of the slope, and (iii) entrained a significant 
volume of woody debris. A total volume estimated at 20,000 m3 was 
involved in the landslide. This noteworthy volume results from the 
consistent volumetric growth of the landslide along its path through 
sediment entrainment. Field observations conducted by Guadagno et al. 
(1988) indicated that this process occurred along the upper and middle 
parts of the slope, corresponding to the main transit zone of the land
slides. The presence of primary deposits in the upper and middle sectors 
of the slope suggests the absence of significant past landslides and/or 
erosion processes, which could have caused the reworking or removal of 

Table 2 
Comparison between Mohr–Coulomb’s shear strength parameters and unit 
weight values estimated in this study and literature data for the B horizon (De 
Vita et al., 2013; Tufano et al., 2021b). Class “A” in Bilotta et al. (2005) and 
Cascini et al. (2005) denotes ashy soils with a fiwit grain size distribution, while 
class “B” denotes ashy soils with higher porosity values and lower specific 
gravity. In Crosta and Dal Negro (2003), Bb denotes the buried horizons, Bt 
denotes clay accumulation, and Bw denotes little or no clear illuvial accumula
tion of materials.   

Horizon c’ (kPa) ɸ (◦) γ (kN/m3) 

Laboratory tests B 0.00 43 10.64 
Tufano et al., 2021b B 1.47–8.14 38–55  
De Vita et al., 2013 B 4.10–11.25 26–56 7.30–12.90 

Bilotta et al., 2005 Class “A” <2.94 30–35 6.58–9.50 
Class “B” <2.94 36–41 5.71–12.32 

Cascini et al., 2005 
Class “A” 4.90–15.00 32–35  
Class “B” 0.00–4.90 36–41  

Crosta and Dal Negro, 2003 
Bb 34.02 39 7.20–9.90 
Bt 0.00–15.00 38–45  
Bw 10.00–18.34 36–46   
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the deposits. The presence of a more substantial vegetation cover 
compared with the eastern sector of the slope may corroborate this 
interpretation. 

Based on this evidence, two different conditions of landslide initia
tion and evolution along the Crocelle slope can be inferred. The first, 
represented by the 1986 landslide, depicts the occurrence of a signifi
cant magnitude landslide (i.e., volume) along a slope that was likely not 
previously affected by any past events. The second, represented by the 
2019 landslide, reveals a limited-magnitude event along a slope that 
may have been previously affected by landslides. Each condition would 
represent a specific step in the decadal geomorphologic evolution of a 
pyroclastic-covered slope, indicating that a general decrease in landslide 
magnitude could be anticipated over time due to a reduction in slope 
sediment availability in relation to landslide and erosion processes. This 
interpretation may be reasonable in the absence of sediment supply in 
the form of volcanic eruptions or bedrock weathering. However, in the 
event of a new eruption (e.g., from the Somma-Vesuvio), fresh sediment 
would be supplied to neighboring slopes, creating the conditions for new 
significant magnitude landslides. 

Significant implications of this statement are related to the evalua
tion of residual landslide hazards at recurrent landslide sites. Specif
ically, landslide hazard analysis can be simplified to determining 
landslide intensity and frequency (Fell et al., 2008; Fig. 12). With regard 
to fast-moving landslides affecting slopes covered by pyroclastic de
posits (e.g., debris-slide debris-avalanche and/or debris-flow; Hungr 
et al., 2014), landslide intensity is contingent upon predisposing factors 
such as morphometric characteristics (slope angle and slope length), 
geological composition (stratigraphic setting and slope sediment) and 
vegetation, which may be completely or partially removed by landslides. 
Similarly, landslide frequency is related to rainfall regimes, which may 
be altered due to climate change (Gariano and Guzzetti, 2016), 
geological elements (stratigraphic setting and slope sediment) that can 
be transformed due to landslides or erosion processes, the presence of 
slope anomalies generated by human activity (i.e., slope trails), ante
cedent conditions of the slope that can modulate the effectiveness of 

rainfall events in triggering a landslide event and vegetation, which can 
be totally or partially removed by landslides. The occurrence of land
slides and erosion processes along a slope covered by pyroclastic de
posits can lead to alterations in factors influencing both landslide 
intensity and frequency, resulting in a potential decrease in hazard. 
Indeed, although past landslides and erosion processes may attenuate 
prospective landslide magnitude by removing slope sediment, this ac
tion can also reduce the likelihood of new landslides (i.e., frequency). 
Analysis from De Vita et al. (2013) and Tufano et al. (2021a) have 
demonstrated that primary deposits are more prone to landslides due to 
their particular stratigraphic arrangement (i.e., interbedded pumice 
layer) and associated hydrologic behavior. Additionally, a continuous 
cover of pyroclastic deposits could heighten the overall susceptibility to 
slope landslides by increasing the surface area that could fail. Vegetation 
typically functions in two ways with respect to slope stability: i) 
increasing matric potential by decreasing water contents and enhancing 
cohesion by root tensile strength, and ii) by loading slope deposits. The 
implications of this potential hazard reduction are twofold: i) 
commonly-used approaches, based on magnitude-equivalent scenarios, 
may lead to an overestimation of residual landslide hazard and ii) 
mitigation measures for risk reduction should be designed with an event 
likely to occur in mind. 

6. Conclusions 

The 2019 Palma Campania landslide, identified as a debris-slide 
progressing to a debris flow, occurred along the Crocelle slope that 
had previously been affected by similar phenomena, as evidenced by the 
event that took place in February 1986. This event offered an opportu
nity to gain insight into the initiation and propagation conditions of the 
landslide and develop a better understanding of the evolution of residual 
landslide hazard at recurrent landslide sites. To this end, a combination 
of techniques were used, including UAV-aided field survey, geotechnical 
laboratory testing, statistical analysis of triggering rainfall, slope sta
bility analysis, and propagation modeling. The results indicated that the 
landslide likely initiated after 13 h from the start of the rainfall event 
and that antecedent conditions played a significant role in slope failure. 
It was determined that a 4-year return period event was sufficient to 
initiate the landslide. The propagation modeling showed that the land
slide mass reached the base of the slope after approximately 60 s, with 
the maximum velocity reaching 10 m/s. The deposits maintained a 
thickness of approximately 1 m during the propagation path and 
assumed a fan-shaped form at the base of the slope due to a check dam 
that divided the deposits into two fans. 

Comparison with the 1986 event revealed a significant difference in 
the magnitude of the landslides (i.e., volume), which could be attributed 
to the different initial stratigraphic conditions and distributions of both 
slope sediment and vegetation. This discrepancy in terms of the decadal 
morphological evolution of slopes covered by pyroclastic deposits sug
gests that the occurrence of multiple landslides along a slope may reduce 
residual landslide hazard, resulting in a decrease in the expected 
magnitude and frequency of future events. This model can be used to 
explain the evolution of residual landslide hazard on many slopes 
covered by pyroclastic deposits that have been impacted by multiple 
landslides, and has implications for the potential overestimation of re
sidual landslide hazards that results from the commonly-used magni
tude-equivalent approach and the necessity for designing mitigation 
measures for risk reduction based on an event that is likely to occur. 
Implementing such measures would bring about considerable economic 
and environmental benefits. 
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