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Abstract

Flow-like mass movements in granular materials are among the most serious natural hazards, systematically producing huge
amounts of damage and numerous victims, especially when involving volcanic soils. This is the case of the events in Southern
Italy in May 1998, when rainfall triggered many destructive landslides along the slopes of a carbonate massif mantled by
pyroclastic soils. Due to the complexity of the occurred phenomena, a shared interpretation of their triggering stage is still not
available.

As a contribution to the topic, the paper initially discusses the geological and geomorphological features of the massif combining
them in three hillslopes models. The models are then associated to the hydrogeological features and anthropogenic factors in order to
define six typical landslides source areas that are not casually distributed on the massif. The study subsequently focuses on the most
frequent type of source areas, associated to the largest unstable soil volumes and longest run-out distances. For these source areas, the
triggering mechanism is discussed, with an example of geotechnical validation being proposed for a well monitored mountain basin.
The geotechnical modelling at site scale confirms the geological analyses at massif scale and provides further insights into the events,
thus highlighting the potential of a multidisciplinary approach for the interpretation of very complex slope instability phenomena.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Flow-like mass movements in granular materials can
be triggered by several factors (i.e. rainfall, earthquake,
anthropogenic activities, weathering) and due to their
characteristics (i.e. velocity of the propagating mass and
absence of warning signals) are among the most des-

tructive mass movements (Hutchinson, 2004). Examples
of relevant rainfall-induced events have been recorded in
Japan (Wang et al., 2002), Mexico (Capra et al., 2003),
Colombia (Terlien, 1996) and New Zealand (Ekanayake
and Philipps, 2002). Similar phenomena systematically
occur in many parts of Italy, with analogous effects, as
dramatically testified by the events in Garfagnana
(Central Italy) in 1996 (D'Amato Avanzi et al., 2004)
as well as in the Campania region (Southern Italy) with
both regional (1910, 1924, 1954, 1997, 1998, 1999) and
local events (1986, 2000, 2003, 2005) (Guadagno and
Revellino, 2005).
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In this region, the events involved thin pyroclastic
deposits constituted by ashy and pumice soil layers,
mainly originating from the complex explosive activity
of the Somma–Vesuvius volcano, and covering car-
bonate relieves over an area of about 1600 km2 (Fig. 1).
An historical analysis highlights that this area has been
systematically threatened over the centuries by similar
events that have caused huge amounts of damage and
several victims (O.U. 2.38, 1998) (Fig. 2). Descriptions
of both the events and consequences are available in
the scientific literature, with rainfall being indicated as
the main triggering factor (Chirico et al., 2000; Cascini,
2004; Fiorillo and Wilson, 2004; Guadagno et al.,
2005).

However, due to the extension of the involved area,
the complexity of the geological setting and the vari-
ability of the triggering mechanisms during the hydro-
logical year, a shared interpretation for the triggering
stage of these phenomena is still not available. Most
of the difficulties are related to the identification and
analysis of the landslide source areas. This is clearly
highlighted by one of the most recent and catastrophic
events that, in May 1998, caused large amounts of
damage and numerous victims in the urban areas of
Sarno and Quindici as well as in the neighbouring towns
of Bracigliano and Siano. Referring to this event, this
paper discusses the literature currently available and
proposes an integrated approach aimed at recognizing
the landslide source areas over the entire affected area

(60 km2). Then, the most widespread triggering mecha-
nism is analysed at site scale.

2. The case study

2.1. The flow-like mass movements in May 1998

On 5th–6th May 1998, more than a hundred slope
instability phenomena occurred along the slopes of the
Pizzo d'Alvano massif, subsequently involving the towns
of Bracigliano, Quindici, Sarno and Siano (Del Prete
et al., 1998; Crosta and Dal Negro, 2003; Cascini, 2004;
Guadagno et al., 2005; among others) (Fig. 3).

During these events, over a 48 hour period, cumu-
lated rainfall equal to 120 mm (Fig. 4) were measured by
the rain gauges located at the toe of the Pizzo d'Alvano
massif (240 m a.s.l.) (Cascini et al., 2000; Cascini, 2004).
The hydrological analysis of rainfall data is provided by
O.U. 2.38 (1998), Chirico et al. (2000) and Fiorillo and
Wilson (2004). It is worth noting that after May 1998,
rain gauges were also installed at the top of the massif
(1100 m a.s.l.). During the period 1999–2003, the cumu-
lated rainfall values over time periods longer than one
month were systematically similar to those recorded at
the toe of the massif. On the contrary, during 1–2 day
rainstorms, rainfall values in the upper part of the massif
were frequently higher (1.5–2.0 times) than those
recorded at the rain gauges available in May 1998.
Based on these results, it can therefore be reasonably
argued that, also on 4th–5th May 1998, the cumulated
rainfall was higher than that measured at the toe of the
relief.

During the rainstorm, over a period of about 16 hours,
the slope instability phenomena occurred in the vast

Fig. 1. Air-fall pyroclastic deposits in the Campania region: 1)
carbonate bedrock; 2) tuff and lava deposits; 3) flysch and terrigenous
bedrock; 4) alluvial and continental deposits; 5) volcanic complexes;
6) isopachs of the pyroclastic products from the main eruptions (in
brackets eruption data) (data from O.U. 2.38, 1998).

Fig. 2. Victims in the Campania region caused by flow-like mass
movements in the period 1580 –1998 (O.U. 2.38, 1998).
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majority of the mountain basins. The landslides source
areas were located primarily in the upper part of the basins
where multiple failures progressively involved larger por-
tions of the slopes, according to mechanisms and time
sequences that were not easily identifiable after the event.
The post-failure stages originated rapid and extremely
rapid landslides (Cruden and Varnes, 1996) that travelled
down-slope and then propagated in highly urbanized
areas. The total involved soil volume was about
2,000,000 m3 of which 40% derived from the eroded
materials along the channels (O.U. 2.38, 1998; Cascini,
2004). The run-out distances ranged from a few hundred
meters up to distances greater than 2 km (Revellino et al.,
2004) with speeds that, at the toe of channels, were esti-
mated to be in the range of about 5–20 m/s by Faella and
Nigro (2003b). The impact of the flowing materials on the
structures produced serious damage such as column
breaks and external wall failure. The type of damage
was strictly related to both the velocity of the unstable
masses as well as to the structural characteristics of the
buildings (Faella and Nigro, 2003a, b).

Due to the relevant property damage and loss of
human life (159 victims recorded during this event),

many contributions analyse the occurred phenomena.
Depending on the topic studied and following the land-
slides classification proposed by Hungr et al. (2001), the
phenomena are classified as debris-flows (Pareschi et al.,
2000; Calcaterra et al., 2000; D'Ambrosio et al., 2003;
Zanchetta et al., 2004; Fiorillo and Wilson, 2004;
Revellino et al., 2004), debris-avalanches (Revellino
et al., 2004, Guadagno and Revellino, 2005), and flow-
slides (Cascini et al., 2003; Olivares et al., 2003; Musso
and Olivares, 2004; Picarelli et al., 2004; Bilotta et al.,
2005). Considering that this paper focuses on the
triggering stage of these phenomena, they are simply
referred to as flow-like mass movements, according to
the general terminology proposed by Hutchinson (2004).

2.2. Previous studies

In current literature, many contributions deal with the
triggering stage, addressing both the predisposition and the
triggering factors of the occurred phenomena. Focusing on
the geomorphological aspects, Brancaccio et al. (1999)
observe that the majority of the landslides in May 1998
occurredmainly inside the upper portions of the slopes and

Fig. 3. The study area (Pizzo d'Alvano massif): overview of the main flow-like mass movements in May 1998.
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frequently on the boundary with the summit landscape.
Moreover, the Authors distinguish advancing landslides
from retrogressive ones. The first have triangular plan-
forms, while retrogressive landslides are characterised by
elongated shapes. On the basis of morphometric analyses,
Pareschi et al. (2000) recognise the drainage network
typology, the slope angle and the basin shape as the key
factors for the triggering stage. By means of aerial photo
interpretation,Di Crescenzo and Santo (2005) observe that
most of the landslides occurred above or below roads/
tracks and rocky cliffs while no clear correlations are
indicated among the location of the unstable areas, the
distribution of vegetation and the slope exposure.

Using an hydrogeological approach, De Vita and
Piscopo (2002) highlight that in some zones of the
massif close to the landslides source areas, strong varia-
tions (up to three-order size) in hydraulic conductivity
characterise the first few meters below the ground sur-
face. These differences are essentially related to: i) the
heterogeneities inside the pyroclastic deposits; ii) the
presence of a fractured carbonate bedrock; iii) the var-
iation in fracturing degree of the upper carbonate bed-
rock. The Authors conclude that local hydrogeological
factors can strongly affect the slope stability conditions
of pyroclastic deposits either during heavy rainfall or
after a recharge period of superficial aquifers. Similarly,

Calcaterra et al. (2000) discuss the role played by
groundwater circulation inside both the pyroclastic de-
posits and the karst cavities of the underlying limestone
bedrock. It is worth noting that this issue was firstly
addressed by Celico et al. (1986) who provided, with
reference to a similar area, significant insights into the
relationships between hydrogeological factors and slope
instability phenomena.

Other contributions address the rainfall infiltration
process leading to slope instability conditions. Crosta and
Dal Negro (2003), by carrying out geotechnical analyses,
discuss the importance of geometrical and stratigraphical
discontinuities within the pyroclastic deposits. Moreover,
they emphasize the role of pumice layers and the transient
features of the pore water pressure regime induced by
critical rainfall inMay 1998. Similarly, assuming different
steady-state saturated flow conditions, Guadagno et al.
(2003) emphasize the role of natural or anthropogenic
geometrical discontinuities in the pyroclastic deposits that
notably increase the simulated displacements for upslope
portions of the deposits up to failure. Furthermore, Frattini
et al. (2004) set up a physically-based model, coupling an
infinite slope model with two different transient hydro-
logical models in order to simulate both vertical and
lateral fluxes. These analyses highlight that both the
processes are relevant for the slope stability conditions.

All the aforementioned contributions, highlighting
the complexity of the Sarno–Quindici event, provide
significant insights into the triggering stage of the oc-
curred phenomena. Further relevant insights on the topic
can be obtained combining geological, geomorphologi-
cal, hydrogeological and geotechnical analyses at the
massif and site scales, as it is discussed in the following
sections.

3. Gelogical and hydrogeological settings

3.1. Carbonate bedrock

The Pizzo d'Alvano massif is characterised by summit
plains representing the remnants of an ancient mor-
phological karst surface, modelled during several mor-
phogenic cycles from Lower Pliocene to Upper Pliocene–
Lower Pleistocene. Surrounding the summit, relatively
steep slopes (generally N30°) are characterised by deeply
carved and rectilinear valleys and ravines. The slopes are
linked to the lowland by gently piedmont alluvial fans of
various ages and shapes.

The relief is constituted by a carbonate ridge built-up
on a limestone, dolomitic-limestone and, subordinately,
marly-limestone lithological sequence, several hundred
meters thick and Lower to Upper Cretaceous aged

Fig. 4. Rainfall recorded at the toe of the Pizzo d'Alvano massif: a)
daily rainfall for the period 1st January 1998–5th May 1998, b) hourly
rainfall for the period 4th–5th May 1998.
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(Fig. 5). It mainly stretches from the Campania Coastal
Plain to the West and is shaped in small monoclinal
structures, generally N, E and NE dipping. A high-angle
normal fault system pull down the morphostructure
towards the Sarno plain, undercutting the original hemi-
anticlinal structure, with NW–SE strike axis and NE
dipping (Fig. 5). Therefore, the bedrock layers are NE
dipping and flatter than the ground surface on the hill-
slopes facing the town of Quindici, while tilted bedrock
layers are located along the Sarno south-west mountain
front. Fig. 5 shows the structural setting of the bedrock
consisting of major border faults and inner secondary
faults defining, in turn, the main sub-structures.

As for the hydrogeological features, the massif is an
highly fractured and karsified structure (Civita et al.,
1973; Celico and de Riso 1978; Celico 1978) whose
upper part is characterized by a suspended groundwater
flow system (O.U. 4.21 N, 1998a,b; Cascini et al., 2000;
De Vita et al., 2006b). Along the hillslopes, perennial,
seasonal and temporary springs from the bedrock are
observed at different altitudes (Fig. 6) with different
time durations (i.e. from few hours upwards) and dif-
ferent flow rates (from 10−6 m3/s to 10−4 m3/s). Based
on the data discussed in Cascini et al. (2000, 2006), the
springs can be associated, through the structural analysis
of the bedrock, to sets of convergent fractures arranged

Fig. 5. Geological map of the bedrock: 1) calcarenites and calcirudites (Upper Cretaceous), 2) calcarenites, calcilutites and dolomitized limestone
(Middle-Upper Cretaceous), 3) marly limestone (Middle Cretaceous), 4) microcrystalline limestone partially dolomitized (Lower-Middle
Cretaceous), 5) dolomized limestone (Lower Cretaceous) (data from Cascini et al., 2006).
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Fig. 6. Hydrogeological map of the bedrock: 1) structural network of the bedrock; perennial (2), seasonal (3) and temporary (4) spring from wedge-
like structures; 5) spring from karst conduits; 6) spring from acquitard horizons (data from Cascini et al., 2006).

Fig. 7. Hydrogeological model for water circulation inside the bedrock (data from Cascini et al., 2000, 2006).
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as wedge-like hydrostructures, which allow preferential
flow paths towards their lower apex (Fig. 7).

Furthermore, these hydrostructures are arranged in a
hierarchic setting (Fig. 7) and the nested hydrostructures
(i.e. hydrostructures of first, second, third order) can be
respectively associated to perennial, seasonal and tem-
porary springs (Cascini et al., 2000, 2006). Further springs
are associated to karst conduits and acquitard horizons
inside the bedrock (Fig. 7). In current literature, the pre-
sence of springs close to the source areas of flow-like mass
movements is also highlighted by Calcaterra and Santo
(2004) for an analogous geological context inside the
Campania region; the Authors indicate a flow discharge
equal to 0.5–1.0×10−3 m3/s.

3.2. Pyroclastic deposits

The high plains and the slopes of the massif are widely
covered by pyroclastics soils originating from the explo-
sive phases of the Somma–Vesuvius volcanic complex
activity (Lirer et al., 2001; Cioni et al., 1999), both as
primary air-fall deposits as well as successively re-
worked deposits (Mastrolorenzo et al., 2002; Guadagno
and Revellino, 2005; De Vita et al., 2006a).

The primary deposits, a fewmeters thick (generally less
than 5 m), are mainly located along the slopes and consti-
tuted by the several (continuous or not) pumice and ashy
layers that combine in extremely variable stratigraphical
settings (Cascini, 2006; De Vita et al., 2006a). These de-
posits are affected by widespread sheet and gully erosion
processes as well as by slope instability phenomena.

The secondary deposits – reworked by sheet wash,
mass-wasting and fluvial processes – are mainly found
as debris at the piedmont and colluvium in the hollows
along the hillslopes. The total thickness of the pyro-
clastic deposits in these landforms ranges from 1 to
20 m. Secondary deposits are also located in the upper
portions of the slopes where both the natural processes
(diffused or localised erosion processes, landslides and
sediment transport phenomena) and/or the anthropo-
genic activities have heavily modified the topography,
the stratigraphy and the superficial drainage network.

For both primary and re-worked deposits, pedogenetic
processes have changed their original mineralogy form-
ing paleosols. As a consequence of the aforementioned
processes, extremely variable configurations can be ob-
served all over the massif when referring, for example, to
the thickness of the pyroclastic deposits (Fig. 8).

Fig. 8. Map of pyroclastic deposits thickness: 1) 0 mbhb0.5 m, 2) 0.5 mbhb2 m, 3) 2 mbhb5 m, 4) 5 mbhb20 m, 5) hN20 m (data from Cascini
et al., 2006).
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Along the slopes, the hydrogeological features of the
pyroclastic deposits are mainly related to the arrange-
ment and continuity of ashy and pumice soil layers that
affect the rainfall infiltration process. Moreover, as sug-
gested by literature, the groundwater regime of the su-
perficial deposits is influenced by springs from the
bedrock (Celico et al., 1986, Johnson and Sitar, 1990;
Montgomery et al., 1997; among others) and superficial
water inflows associated to erosion processes (i.e. rill or
gully erosion) and/or anthropogenic activities (i.e. tracks,
cuts) (Luce andWemple, 2001; Croke andMockler 2001,
among others).

4. Geological analysis of landslides source areas

4.1. Geomorphological hillslopes models

The main geomorphological features of the massif
are shown in Fig. 9 and they can be included in three
hillslopes models, corresponding to the slopes facing the
towns of Sarno (Fig. 10a), Quindici (Fig. 10b) and
Bracigliano (Fig. 10c). These models refer to the “nine-
units slope model” proposed by Dalrymple et al. (1968),

essentially comprising four main slope segments that
are, from the top downwards, the summit, the shoulder
slope, the backslope and the main channel.

The highest slope segment coincides with the summit
in all the hillslopes models. The length of this segment
varies from ten to hundreds of meters while longitudinal
slope angles are lower than 3°. Natural geomorphic pro-
cesses are negligible due to low slope angles and the
landscape is only modified by pedogenetic processes and
man-made activities such as agricultural and forestry
practice.

The second slope segment is represented by a short
shoulder slope with a length ranging from few meters to
tens of meters and longitudinal slope angles varying
from 5° to 10°. This slope segment is affected by sheet
erosion and rill-gully erosion.

The third slope segment is substantially different in
the three models. In the Sarno model, this segment is
represented by a backslope with average slope angles of
about 30°–35°. The typical bedrock contact profile
shows a well developed network of incisions, modelled
as colluvial swales, the so-called Zero Order Basins
(zobs) (Dietrich et al., 1986; Cascini et al., 2000, Guida,

Fig. 9. Geomorphological map: 1) summit with ridges (r) and endoreic plain (e), 2) inner gorge, 3) head of valley, 4) open slope, 5) zero order basin,
6) channel (transient and main), 7) flank of channel, 8) bedrock scarp, 9) nose, 10) triangular facet slope, 11) talus-debris slope, 12) alluvial fan (data
from Cascini et al., 2006).
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2003). The latter ones were first covered by air-fall
pyroclastic materials and then gradually filled through
colluvial mass wasting from upstream slopes and noses.
In the Quindici model, this segment is constituted by the
upper part of the slopes at the head of valleys, and it is
characterised by branched drainage networks slightly
carved in the bedrock and buried bymultiple zobs (Guida,
2003). Finally, in the Bracigliano model, this segment is
characterised, at least, by three bedrock scarps (with
heights of tens of meters) located both along the stream

and ridge profiles. The multiple branches of the drainage
network are deeply carved in the bedrock and segmented
by bedrock scarps. Only in the upper portion of this slope
segment, small and discontinuous zobs (Guida, 2003) are
located. This slope segment ends with a bedrock scarp up
to 30 m high, in the Sarno model, while the bedrock scarp
is either small or absent for the Quindici and Bracigliano
models.

Finally, the last slope segment is composed by: i)
secondary ravines filledwith debris and alluvialmaterials,

Fig. 10. Typical hillslope models for the slopes facing the towns of Sarno (a), Quindici (b) and Bracigliano (c). 1) summit, 2) inner gorge, 3) head of
valley, 4) open slope, 5) zero order basin, 6a) transient channel, 6b) main channel, 7) flank of channel, 8) bedrock scarp, 9) nose, 10) triangular facet
slope, 11) talus-debris slope, 12) alluvial fan (a. ancient, b. recent) (data from Cascini et al., 2006).
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ii) nose interfluves, iii) (almost completely barren) tri-
angular facet slopes. Themain channel ismore carved and
flatter in the Sarno model than in the other sectors of the
study area. In the Quindici model, the main channel is
quite wide, with flatter flanks than elsewhere. A main
channel of intermediate lengths can be observed in the
Bracigliano model, with more carved inner gorges.

In all the hillslope models, the pyroclastic materials
gradually transfer from the shoulder to the upper back-
slope, through diffusive mass wasting or local landslides.
On the contrary, rapid and widespread mass transfer phe-
nomena, from the upper backslope downwards, occur
during extreme events.

The complexity of these mass transfer phenomena is
well testified by the events of May 1998, when the
landslides source areas spanned a wide range of both
planforms (i.e. elongated, triangular, grape-like and
compound) and extensions (from 100 m2 up to
20,000 m2), as well as different depths of the slip surface
(from 0.5 m up to 4 m). However, by overlaying the
landslides inventory map with the geomorphological
map it can be observed that the landslides source areas do
not have a random distribution over the massif and their
location and characteristics are strictly related to the
involved geomorphological units (i.e. zobs, open slopes,
flanks of main channels).

4.2. Typical landslides source areas

Further insights into the landslide source areas can be
obtained by concurrently taking into account the geo-

morphological (Fig. 9), the hydrogeological features of
the massif (Fig. 6), and the anthropogenic factors. The
combination of these factors can be related to the occur-
rence of slope failures and to the characteristics of the
landslides source areas, as shown for the two hillslope
sectors respectively facing the towns of Sarno (Fig. 11a)
and Quindici (Fig. 11b).

The analysis of the aforementioned natural and an-
thropogenic factors over all the massif outlines six
typical source areas, respectively named M1–M6
(Fig. 12). The source areas M1 (Fig. 12a) are located
inside colluvial hollows associated to zero order basins
(Dietrich et al., 1986; Guida, 2003) affected by conver-
gent sub-superficial groundwater circulation inside the
pyroclastic deposits and by temporary springs from the
bedrock. These source areas are shaped as a spoon with
a crown zone not wider than ten meters, a central part
some ten meters wide and downwards thinning. Similar
slope instability phenomena are discussed by Johnson
and Sitar (1990), Montgomery et al. (1997), Anderson
and Sitar (1997) and Lacerda (2004).

The source areas M2 (Fig. 12b) are triangular
shaped with an upper crown only a few meters wide,
downslope enlarging. These source areas lay in the
upper open slopes and are associated to outcropping or
buried bedrock scarps. In particular, some instability
phenomena occurred at the base of bedrock scarps in
correspondence to springs from karst conduits, also
discussed by Di Crescenzo and Santo (1999), Budetta
and de Riso (2004), Guadagno et al. (2005). Other
small landslides occurred at the top of bedrock scarps

Fig. 11. Geomorphological, hydrogeological and anthropogenic factors in relation to some landslides source areas of the May 1998 event facing the
towns of (a) Sarno and (b) Quinidici (data from Cascini et al., 2006).
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and, through impact phenomena (Costa and Williams,
1984; Sassa and Watanabe, 1997), they induced larger
slope instability phenomena at the base of the scarps,
essentially where evidence of springs from the bedrock
is available.

The source areas M3 (Fig. 12c) show compound
planforms that, based on in-situ evidence, can be related
to overlapping and/or laterally enlarging local slope
instabilities strictly connected to man-made tracks as
pointed out also by Guadagno et al. (2005). Particularly,
the anthropogenic activities induce heavy modifications
inside the pyroclastic deposits, concentrating superficial
waters either towards the bends of trackways or in
singular points along the hillslopes (Luce and Black,

2001; Croke and Mockler, 2001; Sidle et al., 2004;
Ziegler et al., 2004).

The source areas M4 (Fig. 12d) are made up of
multiple landslides arranged as a grape; they are mainly
situated at the head of the main channel involving
limited thicknesses of pyroclastic deposits with a “V”
shaped transversal profiles. These phenomena are rela-
ted to heavy superficial water supplies and contribute to
the evolution of the head of valleys through the pro-
gressive retrogression of the transient channel (Hack
and Goodlet, 1960; Vandaele et al., 1996; Tucker and
Bras, 1998; Futai et al., 2004).

The source areas M5 (Fig. 12e) are triggered along
open slopes with a convex longitudinal profile and they

Fig. 12. Schematic of the typical source areas for the May 1998 flow-like mass movements: 1) bedrock, 2) pyroclastic deposit, 3) track, 4) spring from
bedrock.
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can be related to the presence of deep natural or anthro-
pogenic gullies inside the pyroclastic deposits. These
source areas are characterised by rectilinear planforms
with a concave transversal profile and located along the
maximum slope directions.

The source areas M6 (Fig. 12f) are shaped like short
and thick spoons and are situated at either the base of the
convex-concave hillslopes or along the flanks of the inner
gorges (at the summit or along the hillslopes). Indepen-
dently from the location, these source areas correspond to
slope angle breaks (natural or produced by anthropogenic
activities) and they generally involved limited volumes
within the pyroclastic deposits.

The spatial distribution of the typical source areas is
shown in Fig. 13. It highlights that the source areas M1
are widespread all over the massif due to the diffused
presence of zobs. The source areas M2 are prevalent
along the slopes facing the town of Sarno, where most of
the open slopes are situated. The source areas M3 and
M5 mainly occurred along the Quindici slopes widely
affected by tracks and gullies. The source areas M4 are
mainly located along the Sarno and Bracigliano slopes

while M6 are widespread all over the massif. Over a total
of 133 analysed source areas, 28% and 20% corresponded
to source areas M1 and M2, while the remaining source
areas (M3,M4,M5,M6) are respectively characterised by
percentages equal to 16%, 11%, 12% and 13%.

5. Geotechnical modelling of a typical triggering
mechanism

Among the six typical landslides source areas, this
section focuses on the triggering mechanism occurred
in the source areas M1, which were the most frequent
(28% over a total of 133 analysed source areas) and
were associated to the flow-like mass movements with
the largest unstable soil volumes and the longest run-
out distances. Particularly, the triggering mechanism is
discussed with the aid of a geotechnical model which
refers to a mountain basin facing the town of Sarno
(Fig. 14). Here, in May 1998, slope failures occurred
only inside the two zobs (named 2 and 3) where tem-
porary springs from the bedrock were observed after the
events (Cascini et al., 2000, 2006).

Fig. 13. Distribution of typical source areas for the 1998 flow-like mass movements.
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5.1. In-situ conditions and soil mechanical properties

The in-situ investigations (Fig. 15) were performed
with the aid of pits and seismic prospections (Cascini,
2004). Furthermore, over the period 1998–2004, soil
suction measurements were carried out all over the Pizzo
d'Alvano massif, inside and near to the May 1998 land-
slides source areas (Cascini and Sorbino, 2002, 2004;
Sorbino, 2005). Therefore it was possible to outline the
stratigraphy of the pyroclastic deposits at site scale
(1:2000), as well as to characterise the soil suction regime.

In the same zones of the basin, undisturbed samples
were collected and the laboratory investigations were
aimed at characterising their physical and mechanical
properties, both in saturated and unsaturated conditions.
From these investigations, it was inferred that the pyro-
clastic deposits are essentially made up of pumice soils
and two main classes (A and B) of ashy soil layers that
are characterised by unsaturated conditions, during al-
most the whole hydrological year (Cascini and Sorbino,
2002, 2004; Sorbino, 2005). Therefore, the soil water
characteristic curves represent a relevant issue and they
were obtained, for the ashy soils, through the Suction
Controlled Oedometer, the Volumetric Pressure Plate

Extractor and the Richard Pressure Plate. For the pumice
soils, the volumetric water content and the hydraulic
conductivity curves were provided by empirical relation-
ships (Sorbino and Foresta, 2002; Bilotta et al., 2005).

Finally, considering the unsaturated conditions of the
pyroclastic soils, the shear strength properties were in-
vestigated by direct shear tests at different water con-
tents (Bilotta et al., 2005), using the extended Mohr–
Coulomb failure criterion proposed by Fredlund et al.
(1978):

s ¼ c Vþ rn � uað Þtgu Vþ ua � uwð Þtgub ð1Þ

where τ is the shear strength, c′ is the effective cohe-
sion, (σn−ua) is the net normal stress at failure on the
plane of failure, (ua−uw) is the matric suction and ϕb is
the angle of shearing resistance with respect to matric
suction.

The main geotechnical parameters provided by the
laboratory tests are summarised in Table 1 that also takes
into account the data provided by literature for analogous
soils (Bilotta et al., 2005; Calcaterra et al., 2004; Crosta
and Dal Negro, 2003; Picarelli et al., 2004).

5.2. Numerical analysis

The geotechnical modelling was performed for the
zob 2 of Fig. 15. Its longitudinal section is shown in
Fig. 16, clearly highlighting the extremely variable ar-
rangement of ashy and pumice layers along the slope
(verticals A — I in Fig. 16). The analyses were carried
out using an uncoupled approach for the evaluation of
pore water pressures regime and slope stability condi-
tions and referring to the parameters listed in Table 1.

Pore water pressures were computed both in satu-
rated and unsaturated conditions by solving, through the
SEEP/W code (GeoSlope, 2005), the Richards equation
(Eq. (2)) for a two-dimensional transient flow:

∂
∂x

kx
∂h
∂x

� �
þ ∂
∂y

ky
∂h
∂y

� �
¼ m2

wgw
∂h
∂t

ð2Þ

where mw
2 is the coefficient of volumetric water changes

with respect to a change in negative pore pressure and is
equal to the slope of the soil–water characteristic curve,
h is the total head, kx and ky are the coefficient of
permeability of the soil with respect to water, γw is the
unit weight of water, t is the time.

For the slope section of Fig. 16, the FEM mesh was
constituted by 3755 quadrilateral elements with lengths
and heights respectively smaller than 1.0 m and 0.5 m.
The period 1st January–3rd May 1998 was firstly

Fig. 14. Mountain basin selected for the geotechnical modelling.
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analysed referring to the daily rainfall values measured
at the toe of the Pizzo d'Alvano massif (Fig. 4a). As an
initial condition on 1st January, uniform pore water
pressure distributions, with values equal to 5, 10, 15 and
20 kPa, were selected in agreement with the available
soil suction measurements (Cascini and Sorbino, 2002,
2004; Sorbino, 2005). Then, the rainstorm was simu-
lated considering, at the ground surface, hourly rainfall
equal to twice the values measured at the toe of the Pizzo

d'Alvano massif (Fig. 4b). This hypothesis was intro-
duced in order to take into account the differences bet-
ween the rainfall values measured at the top and the toe
of the Pizzo d'Alvano massif, during 1–2 day rain-
storms in the period 1999–2003.

For all the analyses, the bedrock contact was assumed as
impervious with the exception of a zone 5m large, located
in the middle of the slope (Fig. 16), in correspondence to a
temporary spring from the bedrock. In this zone, a constant
water inflow equal to 10−4 m3/s was assumed, starting
from different time instants before 4 May 1998, since the
springwas considered dependent from thewater circulation
inside the bedrock while independent from the storm of 4–
5May 1998. This assumption was introduced considering
that, in the following years, springs from the bedrockwere
systematically recorded during the spring season, even
without any rainfall storm. On the contrary, evapotran-
spiration phenomena were disregarded. This assumption
was based on the numerical analyses carried out by
Sorbino (2005) who demonstrated that the evapotran-
spiration phenomena do not significantly affect the pore
water pressure during the spring season.

The numerical analyses highlight that, independently
from the initial conditions assumed on 1st January 1998,

Fig. 15. Main geomorphological features and in-situ investigations inside the selected mountain basin.

Table 1
Physical and mechanical properties assumed for the pyroclastic soils

Soil properties Class B
ashy soil layer

Pumice
soil layer

Class A
ashy soil layer

γd (kN/m
3) 7.30 6.20 9.10

γsat (kN/m
3) 13.1 13.1 15.7

n (−) 0.58 0.69 0.66
γsat (m/s) 10−5 10−4 10−6

c′ (kPa) 0÷5 0 5÷15
φ′ (°) 36÷41 37 32÷35
φb (°) 20 20 20

γd: dry unit weight, γsat: saturated unit weight, n: porosity, ksat: saturated
hydraulic conductivity, c′: effective cohesion, φ′: friction angle,φb: rate
of increase in shear strength due to suction (data from Bilotta et al., 2005,
Calcaterra et al., 2004; Crosta and Dal Negro, 2003).
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negative pore water pressures are simulated on 4th May
1998, for the most of the slope section. On the contrary,
positive pore water pressures are systematically mod-
elled at the toe of the slope and also around the spring, if
the latter is assumed as starting from 2nd May 1998.
These results highlight the important role of the water
circulation inside the bedrock that, locally, can determine
positive pore water pressures in the pyroclastic covers
also before the beginning of critical rainfall storms.

During the period 4th–5th May 1998, the simulated
pore water pressures increase in each portion of the
slope, with different patterns in relation to the local stra-
tigraphical setting.

Particularly, the highest values of the pore water
pressures are simulated around the spring and in the
lowest portion of the slope that collects the upslope
groundwater flows. Fig. 17 shows the results obtained
by considering 10kPa as initial conditions on 1st Jan-
uary 1998, twice the rainfall recorded at the toe of the
slopes on 4th–5th May 1998 and assuming the spring
starting from 2nd May 1998.

Concerning this issue, the numerical results agree
with those obtained by Crosta and Dal Negro (2003),

who emphasize the role played by the geometrical and
stratigraphical discontinuities on the slope instability
phenomena as well as the transient features of pore
water pressure regime during the 4th–5th May 1998
rainstorm.

The slope stability analyses were performed by
means of the SLOPE/W code (GeoSlope, 2005). Using
the pore water pressures computed for the period 4th–
5th May 1998, the stability conditions of the pyroclastic
deposit were evaluated via Janbu's limit equilibrium
method.

For the analysed slope section, the soil layers were
assumed homogenous, isotropic and characterised by
physical and mechanical properties ranging among those
listed in Table 1. In particular, the slope was divided into
18 zones in relation to the topographical and stratigra-
phical settings. For each zone, the safety factor was
evaluated along several potential slip surfaces located at
different depths from the ground surface. The slope safety
factor was computed for each zone, at each time step and
the slope geometry was updated removing the unstable
portions of the slope, following the procedures suggested
by Cascini et al. (2003).

Fig. 16. Longitudinal slope section of the ZOB 2 of Fig. 15 and some vertical stratigraphical reconstructions.
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Fig. 18 shows an example of the computed safety
factors for some zones of the analysed slope section.
Particularly, the figure highlights the retrogressive failure
involving the toe of the slope section (i.e. zones 17, 16, 15,
14) and the effect of the spring that gradually reduces the
safety factor of the zone 8, whose failure then causes the
mobilisation of the upslope zones (i.e. zones 7, 6, 5, 4).

For the analysed source area, whose extension in
planview was equal to 18,000 m2, the cumulated un-
stable areas were plotted versus time for different initial

and boundary conditions (Fig. 19) and compared with
the available in-situ evidence (Fig. 19a).

The results achieved clearly highlight that the initial
suction values determine the extent and the period of the
triggering stage (Fig. 19b). Moreover, disregarding the
water inflow related to the spring, only a portion of the
observed source area, located at the toe of the zob, can be
simulated as unstable for any initial suction value
(Fig. 19b). On the contrary, the spring produces the
mobilisation of the whole slope section (Fig. 19c),

Fig. 17. Simulated pore water pressures for the slope section of Fig. 16, assuming 10 kPa as initial conditions on 1st January 1998 and the spring
starting from 2nd May 1998.

Fig. 18. Safety factors computed for some zones of the slope section of Fig. 16, assuming the pore water pressures depicted in Fig. 17 (numbers refer
to the zones of the slope section represented in Fig. 16).
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through local slope failures developing upslope and
downslope. Similar results were also obtained, at massif
scale, by Cascini et al. (2005) and Cuomo (2006), refer-
ring to the slope facing the towns of Sarno, Quindici and
Bracigliano.

6. Concluding remarks

Flow-like mass movements in pyroclastic soils are
complex and destructive natural hazards that are wide-
spread all over the world. In relation to these phenomena,

a relevant issue concerns the triggering stage, whose
understanding can be improved through a multidisciplin-
ary approach capable of joining the potential of geolo-
gical, geomorphological and geotechnical models.

This approach is applied to a 60 km2 study area,
recently threatened by catastrophic events. Here, the main
geological and geomorphological features of both the
bedrock and pyroclastic deposits are outlined and in-
cluded in three hillslopes models capable of providing a
general framework for the analysis of landforms and
processes involving the slopes. Then, the hydrogeologi-
cal and anthropogenic factors are taken into account, thus
identifying six typical landslide source areas over a total
of 133 analysed landslides source areas.

The study then focuses on the most frequent landslides
source areas associated to the largest unstable soil
volumes and longest run-out distances. For these source
areas, the triggering mechanism is analysed at site scale
with reference to a mountain basin where accurate field
data are available. The geotechnical analyses broadly
confirm the geological studies at massif scale high-
lighting, in addition, the unsaturated conditions and the
transient groundwater regime inside the pyroclastic depo-
sits when the slope instability phenomena occurred.

Moreover, the geotechnical analyses confirm the
crucial role played by springs from bedrock that, during
the spring season, can locally induce positive pore water
pressures, also without the occurrence of rainfall storms,
so representing an aggravating factor for the slope
stability conditions of the pyroclasitc covers.
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